The vertebrate nuclear pore is an enormous structure that spans the double membrane of the nuclear envelope. In yeast, most nucleoporins are found symmetrically on both the nuclear and cytoplasmic sides of the structure. However, in vertebrates most nucleoporins have been localized exclusively to one side of the nuclear pore. Herein, we show, by immunofluorescence and immunoelectron microscopy, that Nup98 is found on both sides of the pore complex. Additionally, we find that the pore-targeting domain of Nup98 interacts directly with the cytoplasmic nucleoporin Nup88, a component of the Nup214, Nup88, Nup62 subcomplex. Nup98 was previously described to interact with the nuclear-oriented Nup160, 133, 107, 96 complex through direct binding to Nup96. Interestingly, the same site within Nup98 is involved in binding to both Nup88 and Nup96. Autoproteolytic cleavage of the Nup98 C terminus is required for both of these binding interactions. When cleavage is blocked by a point mutation, a minimal eight amino acids downstream of the cleavage site is sufficient to prevent most binding to either Nup96 or Nup88. Thus, Nup98 interacts with both faces of the nuclear pore, a localization in keeping with its previously described nucleocytoplasmic shuttling activity.
INTRODUCTION
The nuclear pore complex (NPC) is composed of a central, eightfold symmetrical ring and spoke assembly, cytoplasmic fibers, and a filamentous nuclear basket (reviewed in Stoffler et al., 1999; Allen et al., 2000; Ryan and Wente, 2000; ). The total size of this immense structure is estimated at 120 MDa in vertebrates and approximately half that size in yeast (Yang et al., 1998) . In the yeast, Saccharaomyces cerevisae, all of the nuclear pore components or nucleoporins (Nups) have now been identified (Rout et al., 2000) . Considerable effort in the field continues to go toward determining where an individual protein is localized within the massive structure of the pore and with which other nucleoporins it interacts. Yeast genetics made possible a systematic and elegant approach of creating a series of strains in each of which a single nucleoporin was tagged with protein A. Using IgG-coated gold, an electron microscopy map was produced in which each nucleoporin was positioned within the pore (Rout et al., 2000) . One of the surprising results from this map was the finding that most nucleoporins are distributed symmetrically on both faces of the pore complex. Of the ϳ30 yeast nucleoporins, only five are restricted to a single face of the pore (Nup 159, Nup42, and Nup82 on the cytoplasmic side, and Nup60 and Nup1 on the nuclear side). An additional four nucleoporins seem to be biased to one side in their distribution (Nup116, Nup100, Nup145N, and Gle1).
In vertebrates, the full protein composition of the pore was very recently identified (Cronshaw et al., 2002) . Unexpectedly, despite a mass twice that of the yeast structure, the vertebrate nuclear pore is also comprised of 30 nucleoporins. Of these 30 proteins, 22 have homologues or orthologues in yeast, and two others have possible functional equivalents. Because genetic approaches are more difficult in vertebrate systems, a complete map of nucleoporins in the vertebrate pore is not yet available. Determination of localization in vertebrate systems has generally required preparation of an antibody to a nucleoporin of interest and use of this antibody for immunofluorescence and electron microscopy studies. Not all antibodies have proven equally useful for electron microscopy studies, and thus a number of vertebrate nucleoporins have not been precisely localized or have conflicting localizations reported by different groups.
Although incomplete, the existing localization data on the vertebrate nuclear pore suggest that one difference from the yeast pore is the bias of nucleoporins to one side or the other of the NPC; most vertebrate nucleoporins have been ascribed a single localization site. Nup214, Nup88 (also known as Nup84), and Nup358, are reported to be exclusively on the cytoplasmic side (Kraemer et al., 1994; Wu et al., 1995; Bastos et al., 1997; Fornerod et al., 1997) . Nup153, Nup98, Nup93, Nup188, Nup205 and Tpr have all been reported to be on the nuclear side of the pore (Radu et al., 1995; Bastos et al., 1996; Grandi et al., 1997; Miller et al., 2000; Frosst et al., 2002) . The Nup62, Nup58, Nup54, Nup45 complex, as well as Nup155, are more centrally located within the "transporter" region of the nuclear pore (Radu et al., 1993; Hu et al., 1996b) . Only one nucleoporin subcomplex, the Nup133 complex (Nups 160, 133, 107, 96 and sec13) has been reported to exist on both the nuclear and cytoplasmic faces of the vertebrate pore, although an alternate and exclusively nuclear localization was reported by a different laboratory (Belgareh et al., 2001; . Thus, given our current knowledge, the vertebrate nuclear pore complex seems to be both larger and potentially more asymmetric than the yeast pore.
The distribution of the GLFG family of nucleoporins within the pore is particularly interesting. In higher eukaryotes, only one GLFG repeat nucleoporin, Nup98, has been identified. However, there are three related proteins in S. cerevisae, Nup145, Nup116, and Nup100, and each of these nucleoporins possesses a subset of the features of Nup98. Both Nup98 and Nup145 undergo autocatalyzed proteolysis; Nup145 is cleaved to produce Nup145N and Nup145C, whereas Nup98 is cleaved from a Nup98/Nup96 polyprotein precursor (Emtage et al., 1997; Teixeira et al., 1997; Rosenblum and Blobel, 1999) . Nup98 and Nup116 each contain a binding site for Gle2, a protein implicated in mRNA export (Murphy et al., 1996; Bailer et al., 1998; Pritchard et al., 1999) . Strikingly, the GLFG nucleoporins comprise three of the four proteins whose distribution within the yeast pore is biased toward, but not restricted to, a single face of the pore complex. Nup145N, the portion of Nup145 homologous to Nup98, is enriched on the nuclear side, whereas Nup116 and Nup100 are biased toward the cytoplasmic face of the pore (Rout et al., 2000) . Considering these localization data from the yeast GLFG nucleoporins, it is somewhat curious that Nup98, the only GLFG nucleoporin in vertebrates, has been found strictly on the nuclear side of the pore complex (Radu et al., 1995; Frosst et al., 2002) .
Here, we have continued to investigate the interaction between Nup98 and the nuclear pore complex. Recently, we reported that Nup98 is dynamically associated with the nuclear pore and shuttles between the nucleus and the cytoplasm . This observed shuttling behavior suggested to us that Nup98 might have sites of association on both faces of the nuclear pore. Indeed, we show here that Nup98 can be found on both the nuclear and the cytoplasmic faces of the pore. Nup98 binds directly to Nup96, the C-terminal half of the proteolytically processed Nup98/ Nup96 polyprotein and a component of the Nup133 subcomplex (Fontoura et al., 1999; . We now find that Nup98 also binds directly to another component of the nuclear pore, Nup88. Together with Nup214 and p62, Nup88 forms a subcomplex that is found only on the cytoplasmic face of the pore (Bastos et al., 1997; Fornerod et al., 1997) . This same cytoplasmic orientation is also true for the yeast homolog of Nup88, Nup82 (Rout et al., 2000) . Thus, Nup98 has two potential binding partners on the cytoplasmic face (Nup96 and Nup88) and one binding partner on the nuclear face of the pore (Nup96). We have mapped the sequences required for binding to each partner and find that the same region of Nup98 is similarly used for both interactions. Thus, it is unlikely that Nup98 acts as a bridge between the Nup133 complex and the Nup88/Nup214/ Nup62 complex. Our results define a new interaction between a dynamic nucleoporin and the NPC, and suggest that the vertebrate nuclear pore may be more symmetrical than currently envisioned.
MATERIALS AND METHODS

DNA Constructs
Green fluorescent protein (GFP)-Nup98 and GFP-Nup98 single domain constructs were described previously . The GFP-GLFG-C terminus construct (amino acids 224 -920) was made by digesting the Nup98 cDNA with KpnI and XhoI and then ligating the fragment into pEGFP-C3 (BD Biosciences Clontech, Palo Alto, CA). To create the GST-C-term Nup98 construct (amino acids 506 -920), the domain was amplified by polymerase chain reaction (PCR) and ligated into pGEX-6p (Amersham Biosciences, Piscataway, NJ). To make uncleavable Nup98 mutants, serine 864 was mutated to alanine (S864A) in the indicated plasmid templates as detailed under RESULTS. To produce the Nup98 C-terminal truncation mutants, a stop codon was added in place of serine 864 for the truncated mutant, in place of glutamic acid 873 for the 872-stop mutant, and in place of serine 883 for the 882-stop mutant. The hemagglutinin (HA)-tagged Nup84 (referred to herein as Nup88) plasmid was a gift of Dr. Brian Burke (Bastos et al., 1997) . The HA-Nup88 truncation mutant was made by inserting two stop codons after amino acid 584 in the full-length Nup88 coding sequence. The huNup98/96 polyprotein plasmid was a gift of Dr. Beatriz Fontoura (Fontoura et al., 1999) . To make the full-length Nup96 construct, the coding sequence of Nup96 was amplified by PCR by using the Nup98 -96 precursor as template and ligated into pCDNA3. All mutations were created using the QuickChange PCR mutagenesis kit (Stratagene, La Jolla, CA) and were confirmed by DNA sequencing.
Cell Culture and Immunofluorescence
HeLa, COS1, and XL177 cells were maintained as described previously and transfections were performed using FuGENE 6 (Roche Diagnostics, Indianapolis, IN) according to the manufacturer's instructions. Immunofluorescence localization experiments were carried out as described previously . For the digitonin permeabilization experiments, the following changes were made: after fixation in 4% paraformaldehyde, cells were permeabilized in digitonin diluted to 40 g/ml in phosphatebuffered saline, and in subsequent steps Triton X-100 was omitted from the primary antibody block and wash solutions. To better visualize Nup98 at the nuclear envelope, cells were simultaneously fixed and permeabilized in 2% paraformaldehyde with 0.2% Triton X-100 for 10 min on ice. All subsequent steps were as described previously . The following antibodies were used: anti-xNup98 (1:50; Powers et al., 1995) , anti-hNup98 (1:3000; Griffis et al., 2002) 
In Vitro Binding Assays and Coimmunoprecipitations
In vitro binding assays were performed as described previously (Hodel et al., 2002) . For coimmunoprecipitation experiments, COS1 cells were released from a dish 40 h posttransfection by using 25 mM EDTA. Cells were pelleted and washed twice in 2 ml of buffer A (150 mM NaCl, 10 mM HEPES pH 7.45, 5 mM sodium pyrophosphate, 5 mM NaF, 2 mM sodium orthovanadate, 10 g/ml aprotinin and leupeptin, 1 mM phenylmethylsulfonyl fluoride and 1ϫ Complete protease inhibitors; Roche Diagnostics). After washing, cells were lysed in 1.2 ml of buffer B (150 mM NaCl, 10 mM HEPES pH 7.45, 5 mM sodium pyrophosphate, 5 mM NaF, 2 mM sodium orthovanadate, 10 g/ml aprotinin leupeptin, 1 mM phenylmethylsulfonyl fluoride, 1ϫ Complete protease inhibitors [Roche Diagnostics] and 0.2% NP-40) at 4°C for 30 min with gentle agitation. The lysate was cleared of aggregates by centrifugation for 10 min at 12,000 rpm in a refrigerated centrifuge (Tomy Seiko, Tokyo, Japan). Protein A-Sepharose beads (Sigma-Aldrich, St. Louis, MO) previously blocked in buffer B with 5 mg/ml bovine serum albumin were added and incubated for 1 h at 4°C. The samples were centrifuged for 10 min to remove the beads, and the supernatant was then divided into separate tubes. To these tubes either 5 g of the appropriate antibody or 20 l of anti-HA beads (Roche Diagnostics) was added to each tube, and the samples were rotated for 1 h at 4°C. Blocked protein A-Sepharose beads (20 l) were added to non-HA samples and the tubes were rotated overnight. The samples were then washed three times in buffer B and twice in buffer A before being eluted from the beads with gel sample buffer. Western blots were performed as described previoulsy (Hodel et al., 2002) . For Western blotting, the following antibodies were used: anti-HA (mAb 3F10, 1:1000; Roche Diagnostics), anti-hNup98 (1:3000), goat anti-rabbit horseradish peroxidase (HRP) (1:2000; Zymed Laboratories, South San Francisco, CA), and sheep anti-rat HRP (1:2000; Amersham Biosciences).
Immunoelectron Microscopy
Immunoelectron microscopy was performed as described previously . However, to visualize Nup98 on the cytoplasmic side of the pore in HeLa cells, the permeabilization step using Triton X-100 was omitted. For immunogold electron microscopy, confluent HeLa cells were released from 10-cm dishes with 25 mM EDTA and pelleted. The cell pellet was washed twice with phosphate-buffered saline and then subjected to freeze-thaw permeabilization and preembedding immunogold labeling as described previously (Guan et al., 2000) .
RESULTS
Nup98 Is Found on Both Faces of the Pore
We recently showed that Nup98 shuttles between the nucleus and the cytoplasm in a transcription-dependent manner . The established localization for this nucleoporin has been on the nuclear face of the nuclear pore complex, at a distance from the membrane that is consistent with a position in the basket structure of the pore (Radu et al., 1995; Frosst et al., 2002) . However, our observation that Nup98 crosses the pore led us to ask whether this nucleoporin could perhaps interact at more than one site within the nuclear pore complex. In particular, we asked whether a binding site might be found on the cytoplasmic face of the pore as a counterpart to the well-characterized localization on the nuclear face.
To address this question, we used multiple antibodies and cell types to localize Nup98 in both Triton X-100 -permeabilized cells and digitonin-permeabilized cells. When cells are treated with Triton, both faces of the nuclear membrane are accessible; however, digitonin selectively permeabilizes the plasma membrane, allowing antibodies to access only the cytoplasmic face of the nuclear envelope. Immunofluorescence staining of digitonin-treated Xenopus XL177 cells with an antibody to Xenopus Nup98 (Powers et al., 1995) resulted in a punctate staining of the nuclear envelope characteristic of a nuclear pore complex localization ( Figure 1A , a). Simultaneous staining with antibody to Xenopus lamins did not produce a signal, indicating that the nuclear lamina is not accessible and thus the nuclear envelope remains intact (Figure 1A, b) . In contrast, permeabilization of XL177 cells with Triton resulted in a strong nuclear lamina stain and the characteristic intranuclear signal observed for xNup98 (Figure 1A, c and d) . When antibodies to human Nup98 and human lamin B were used in the same experiment on HeLa cells, similar results were obtained ( Figure 1A , e-h). Thus, in both human and Xenopus cells, a fraction of Nup98 is accessible on the cytoplasmic face of the nuclear pore.
The Xenopus Nup98 antibody was raised and affinitypurified against the full-length endogenous protein, whereas the human Nup98 antibody was produced and purified using the bacterially expressed C-terminal domain of the protein. Thus, it was unlikely that both antibodies would result in the same nonspecific cross-reaction with the cytoplasmic face of the pore. However, to control for such a possibility, we transfected GFP-tagged huNup98 into HeLa cells and localized transfected Nup98 with a GFP-specific antibody after permeabilization with either digitonin or Triton ( Figure 1B ). Transfected cells were identified by the characteristic GFP-Nup98 fluorescence within the nucleus as well as at the nuclear envelope . When cells were permeabilized with Triton, anti-GFP and rhodamine-labeled secondary antibody produced a fluorescence pattern identical to that observed with direct GFP fluorescence ( Figure 1B , c and d). However, when cells were permeabilized with digitonin, staining with anti-GFP was seen only in the cytoplasm and on the nuclear rim; the intranuclear GFP-Nup98 was not detected by the antibody, demonstrating the integrity of the nuclear envelope ( Figure 1B, a  and b) . Thus, the localization of the transfected protein confirms the results seen with the endogenous protein; a fraction of Nup98 is present on the cytoplasmic face of the nuclear pore.
This novel localization of Nup98 within the pore was confirmed by immunoelectron microscopy. Either untransfected or GFP-Nup98 -transfected HeLa cells were fixed, but their nuclei were not permeabilized with Triton. The cells were then stained with anti-huNup98, HRP-conjugated secondary antibody, and diamino-benzidine (DAB), which results in deposition of electron dense material at the site of E.R. Griffs et al. antibody binding. In either untransfected (Figure 2A, b) or GFP-Nup98 transfected ( Figure 2A , c and d) cells, DAB was found associated with the cytoplasmic face of the nuclear pore complex. Transfected cells showed an increased intensity of labeling, suggesting that it is possible for somewhat elevated amounts of Nup98 to accumulate at the pore when excess protein is expressed. In the absence of anti-hNup98, no deposition of DAB was observed at nuclear pores ( Figure  2A , a). In a rare nucleus that did become permeabilized in the transfected sample, there was substantial deposition of DAB on both sides of the nuclear pore, in keeping with the previously established localization of Nup98 on the nuclear basket (Figure 2A, d) .
We also used immunogold electron microscopy on both HeLa cells and a HeLa-derived cell line that stably expresses GFP-Nup98. The cells were subjected to a freeze-thaw cycle to partially disrupt the nuclear envelope and permit antibody access to the nuclear interior (Guan et al., 2000) , followed by fixation and immunostaining. In the absence of primary antibody the majority of nuclear pores had no associated gold particles. However, when the endogenous protein was detected with anti-huNup98, gold particles were found associated with both the cytoplasmic and nuclear faces of the pore ( Figure 2B, a and b) . Similar results were obtained when the GFP-Nup98 cell line was stained with anti-GFP ( Figure 2B, c and d) . Because the freeze-thaw protocol only partially disrupts the nuclear envelope, the concentration of antibody within the nucleus is most likely far lower than in the cytoplasm. Consequently, we did not determine a relative distribution of Nup98 by scoring gold particles on each face of the nuclear pore because this seemed likely to result in a highly inaccurate ratio. Taken together, the combination of immunofluorescence and immunoelectron microscopy strongly indicate that Nup98 is found on both surfaces of the nuclear pore complex.
C Terminus of Nup98 Mediates Interaction with the Pore
Before investigating how Nup98 associates with the cytoplasmic face of the pore, we first wanted to assess which sequences within Nup98 were responsible for its targeting to the NPC. Previously, we had localized the N-terminal (including the Gle2-binding site), GLFG repeat, and C-terminal domains as individual GFP fusion proteins. Unexpectedly, we found that none of the individual domains generated a significant nuclear pore-staining pattern in live cells . However, the C-terminal domain of Nup98 has been shown to bind to a nuclear pore subcomplex containing Nups 160, 133, 107, 96 and sec13 , and mutations that prevent proteolytic processing within the C-terminal domain also prevent association with the pore (Fontoura et al., 1999; Hodel et al., 2002) . Thus, the C-terminal domain contains sequences that should be responsible, at least in part, for nuclear pore complex targeting.
To determine whether a subfraction of any of the individual domains might have been localized to the nuclear pore, we observed the localization of GFP-fusion proteins following a modified fixation protocol that allows simultaneous fixation and permeabilization of the cell (2% paraformaldehyde plus 0.2% Triton X-100). This procedure allows some of the free protein to leak out of the cell during fixation, leaving behind an increased percentage of protein that is associated with structures. This treatment results in a stronger nuclear rim staining for the full-length Nup98 ( Figure 3A , e) and uncovers a low but significant pore association of the Cterminal domain ( Figure 3A, c) . In contrast, the N-terminal and GLFG repeat domains of Nup98 still do not show any significant association with the nuclear pore ( Figure 3A, a  and b) . Strikingly, when the GLFG repeat domain and the C terminus are combined, the fluorescence intensity is equivalent to that of full-length protein ( Figure 3A , compare d and were fixed and then permeabilized using either digitonin or Triton X-100 before detecting Nup98 and lamins by immunofluorescence. Nup98 is visible at the nuclear rim in cells permeabilized with digitonin (a and e), whereas the intranuclear lamins are detected only when nuclei are permeabilized using Triton X-100 (d and h). (B) HeLa cells expressing GFP-Nup98 were fixed and permeabilized as described above and then GFP was detected directly (b and d) or indirectly using an anti-GFP mAb and rhodamine-isothiocyanate-labeled secondary (a and c). The GFP antibody clearly recognizes GFP-Nup98 on the nuclear pore in a digitonin permeabilized cell (a) and does not detect the intranuclear GFP-fusion protein unless the nucleus is permeabilized with Triton X-100 (c). Bars, 5 m. e). When the C-terminal domain carried a mutation that blocks autocatalytic cleavage, S864A, association of this domain with the nuclear pore is lost ( Figure 3A, f) . Similarly, full-length Nup98 could not be found at the NPC when the S864A mutation was present (Hodel et al., 2002) . The C terminus could be weakly detected at the pore after digitonin permeabilization, indicating that at least some of this domain is present on the cytoplasmic face (Griffis and Powers, unpublished data) . Thus, the C terminus of Nup98 most likely contains the only sequences for direct binding to the pore, and the GLFG repeat domain acts synergistically to enhance targeting.
Nup98 Binds Nup88 In Vitro
If the C-terminal domain of Nup98 contains the sequences involved in binding at both the nuclear and cytoplasmic faces of the pore, there are several candidates for binding partners. The Nup133 complex is known to interact with the C terminus of Nup98 . Within this complex, Nup98 binds directly to Nup96 (Hodel et al., 2002) . The localization of the Nup133 complex within the pore is debated; it is consistently found on the nuclear side of the pore, and one group has additionally localized components of this complex to the cytoplasmic side of the pore as well, although others have not seen this localization (Belgareh et al., 2001; . Thus, Nup96, in addition to its role in localizing Nup98 to the nuclear face of the pore, could perhaps provide a cytoplasmic side-binding partner for Nup98. Surprisingly, in Nup98 knockout cells, proteins thought to be strictly on the cytoplasmic face of the pore, including Nup214 and Nup88, were displaced from the pore (Wu et al., 2001) . This unexpected finding might be explained if one of these proteins were in fact a binding partner for Nup98 on the cytoplasmic face. To investigate this possibility, we used an in vitro binding assay to test for direct binding between the C-terminal domain of Nup98 (amino acids 505-920) and Nups 214 and 88. Figure 3B demonstrates that Nup88, but not Nup214, binds to the C-terminal domain in a GST pull-down assay. Our result is in agreement with previous reports that the yeast homologue of Nup88, ScNup82, interacts with Nup116, one of the three yeast Nup98 homologues (Bailer et al., 2000; Ho et al., 2000) . This C-terminal fragment of Nup98 is active in autoproteolysis and cleaves after F863 to allow release of the peptide tail. Binding between Nup98 and Nup88 is completely inhibited by the S864A point mutation that prevents proteolytic processing of the Nup98 C terminus ( Figure 3B , lane 4; Hodel et al., 2002) and blocks nuclear pore targeting in vivo ( Figure 3A, f) . In contrast, truncation of the GST-C terminus at the Nup98 proteolytic cleavage site ( Figure 3B , were treated for immunoelectron microscopy under conditions that maintained an intact nuclear envelope, and bound antibody was detected by the deposition of DAB. When primary antibody was omitted, no staining was seen at nuclear pores (a). Nup98 antibodies associated with the cytoplasmic side of the nuclear pore in both wild-type and transfected cells (b and c). In a rare nucleus that was permeabilized by the procedure, Nup98 was detected on both sides of the NPC (d). Nuclear pores are indicated by arrowheads. (B) Immunogold electron microscopy was used to detect Nup98 on both sides of the pore in HeLa cells after freeze-thaw permeabilization. Endogenous Nup98 was localized in HeLa cells by using an affinity-purified anti-hNup98 (a and b). GFP-Nup98 was also detected on both sides of the pore by using an anti-GFP monoclonal in a cell line stably expressing the protein (c and d). In all panels, orientation is with cytoplasm up, nucleus down. Bars, 250 nm.
E.R. Griffs et al.
Molecular Biology of the Celllane 3) has no effect on binding to either Nup88 or to Nup96 (Hodel et al., 2002) .
Nup88 can be divided into two structural domains; the N-terminal two-thirds of the protein (amino acids 1-584) has no obvious structural motifs, whereas the C-terminal onethird (amino acids 585-742) is predicted to be largely coiledcoil in structure (Fornerod et al., 1997) . When the N-terminal domain of Nup88 was tested independently in the GST pull-down assay, we found that it was fully functional for binding to Nup98. Furthermore, we observed the same interaction pattern seen with the full-length Nup88 protein; the Nup88 N terminus bound only those forms of the Nup98 C-terminal domain that are functionally targeted to the nuclear pore ( Figure 3C ). From these data, we conclude that the N-terminal, noncoiled coil domain of Nup88 mediates interaction with Nup98.
Nup98 Interacts with Nup88 In Vivo
The biochemical assay described above clearly demonstrated that Nup98 and Nup88 interact in vitro. To determine whether interaction between these proteins also occurs in the cell, we investigated the localization of HA-Nup88 and GFP-Nup98 after cotransfection. At low expression levels, Nup88 and Nup98 were colocalized at the nuclear pore complex ( Figure 4A, a-c) . When Nup88 is overexpressed individually, even at very high levels, it is never found within the nucleoplasm (Bastos et al., 1997; Figure 4d, inset) . However, in cells with high levels of Nup98 expression, HA-Nup88 could also be found in intranuclear foci together with Nup98 ( Figure 4A, d-f) . This was not a nonspecific effect of overexpression causing generalized mislocalization of pore proteins because immunostaining with mAb 414, which recognizes multiple nucleoporins, did not show any colocalization with Nup98 foci ( Figure 4A, g-i) .
To further confirm these results, we cotransfected plasmids encoding tagged versions of each of the two partners and tested the ability of Nup98 and Nup88 to coimmunoprecipitate ( Figure 4B ). Antibody to the GFP tag on Nup98 also precipitated some HA-Nup88 ( Figure 4B, lane 1) , an interaction that was not observed when GFP-Nup98 was not present ( Figure 4B, lane 3) . Similarly, when HA-Nup88 alone was transfected into cells and antibody to endogenous Nup98 was used for immunoprecipitation, HA-Nup88 was observed to interact with the Nup98 protein ( Figure  4B , lane 4).
Nup96 and Nup88 Have Equivalent Requirements for Binding Nup98
Our observation that Nup88 could be mislocalized to the nucleoplasm when coexpressed with Nup98, suggested that Nup98 can actively relocate Nup88 into the nucleus. Nup98 has been previously described to be responsible for the To map the domain of Nup88 required to bind to Nup98, a stop codon was inserted after amino acid 584 of Nup88 to eliminate the C-terminal coiled-coil domain. Full-length and truncated Nup88 constructs were in vitro transcribed and translated and then mixed with beads carrying GST (lanes 1 and 2), GST-Nup98 C terminus (lanes 3 and 4), the truncated GST-Nup98 C terminus (lanes 5 and 6), and uncleavable GST-Nup98 C terminus (S864A; lanes 7 and 8). Bars, 5 m.
import of Nup96 into the nucleus, after which Nup96 is incorporated into the nucleoplasmic side of the nuclear pore complex (Fontoura et al., 1999) . Because Nup98 seemed to similarly escort Nup88, we asked whether the binding interaction between Nup88 and Nup98 might be analogous to the interaction between Nup96 and Nup98.
Nup98 can be produced in two distinct forms that derive from alternative splicing. The larger transcript encodes the Nup98/Nup96 polyprotein that is autocatalytically cleaved to generate the two nucleoporins. The smaller transcript encodes only Nup98, which then undergoes the same autocatalytic cleavage, resulting in the 90-kDa protein referred to as Nup98 and an 8-kDa C-terminal tail. In vitro, the tail peptide remains noncovalently associated with the 90-kDa body of Nup98 (Fontoura et al., 1999) . In vivo, release of the tail peptide from the body of the protein is essential for targeting to the nuclear pore complex; uncleavable Nup98 mutants cannot bind in trans to Nup96 and do not associate with the pore (Fontoura et al., 1999; Hodel et al., 2002 ; Figure  5 ). The C-terminal tail peptide most likely acts as a competitive inhibitor of Nup96 binding because all but the last five amino acids of the 57 amino acid tail peptide are identical to the N terminus of Nup96. Intriguingly, we had observed the same pattern of interaction with respect to binding to Nup88; both the complete, proteolytically processed Nup98 C terminus and the truncated C terminus bind to Nup88, but the uncleavable mutant does not (Figure 3, B and C) . This result suggested to us that the peptide might also be a competitive inhibitor of Nup88 binding and that the same binding site might be used for interaction with both Nup96 and Nup88.
We recently reported the crystal structure of the C-terminal domain of Nup98 (Hodel et al., 2002) . In this structure, the very N terminus of the tail peptide (amino acids 864 -870) could be seen to make multiple contacts with the body of Nup98. Presumably these same contacts are made between Nup98 and the N terminus of Nup96 and mediate interaction of the two proteins after cleavage of the polyprotein precursor. Indeed, when we either deleted the first nine amino acids of Nup96 or added an epitope tag to its N terminus, binding to Nup98 was abolished (Xu and Powers, unpublished data). The remainder of the tail peptide is disordered and not visible in the crystal structure; however, this region of the peptide contains a cluster of negatively charged residues (amino acids 872-877) that could potentially interact with a nearby positively charged loop in the body of the protein.
To test whether the interactions of Nup98 with Nup96 and Nup88 are truly equivalent, we truncated the 57 amino acid tail peptide after nine amino acids (506 -872) or after 19 amino acids (506 -882), in the context of the uncleavable S864A mutant to prevent release of the tail ( Figure 5A ). We then tested the ability of each of these forms of Nup98 to interact with both Nup96 and Nup88 ( Figure 5A ), as well as to bind to the nuclear pore in vivo ( Figure 5B ). An uncleavable tail of 19 amino acids was sufficient to fully inhibit binding to both Nup96 and Nup88 in vitro ( Figure 5A , lane 5). Even nine amino acids, approximately the length of tail sequence that was ordered in the crystal structure, was sufficient to block most interaction between Nup98 and either of its binding partners ( Figure 5A, lane 6) . The same C-terminal truncations were then made in the context of the GFP-Nup98 S864A protein, and their association with the NPC was observed after transfection into cells. In vivo, the truncations of the tail peptide did allow some increased interaction of the uncleavable Nup98 with the nuclear pore complex, but this was much reduced from the stronger nuclear pore targeting observed with the wild-type protein ( Figure 5B , compare c and d with a). Nuclear pore complex association was minimal with the 882 truncation ( Figure 5B , c) and somewhat greater with the 872 truncation ( Figure 5B, d ), in keeping with the limited activity of this form in the binding assay. Taken HeLa cells coexpressing GFP-Nup98 and Ha-Nup88 were processed for immunofluorescence by using appropriate antibodies as detailed under MATERIALS AND METHODS. When GFP-Nup98 (b) and HaNup88 (a) were expressed at low levels, they colocalized only at the nuclear rim (c). When coexpressed at high levels, (d-f) Ha-Nup88 (d) was also observed in the intranuclear foci along with GFPNup98 (f, arrowheads). In the absence of Nup98 overexpression, Nup88 never accumulated in the nucleus even when highly overexpressed (d, inset) . Monoclonal 414 (g) did not detect any colocalization of FXFG nucleoporins in the intranuclear foci even with extremely high levels of GFP-Nup98 expression (i). Bars, 5 m. (B) Cos1 cells expressing GFP-Nup98 and Ha-Nup88 were lysed and the lysate was immunoprecipated with anti-GFP (lane 1) or nonspecific mouse IgG (lane 2). When cells expressed only Ha-Nup88, anti-GFP antibodies did not coprecipitate any Ha-Nup88 (lane 3). Cells expressing Ha-Nup88 alone were lysed and the lysate was immunoprecipated with anti-hNup98 (lane 4) or a nonspecific rabbit IgG (lane 5). E.R. Griffs et al. together, both the in vitro binding data and in vivo localizations are most consistent with a model in which the same interaction site within Nup98 is used for interaction with both Nup96 and Nup88.
DISCUSSION
Understanding the spatial organization of individual proteins within the nuclear pore complex is essential for determining their specific roles in the mechanism and regulation of nuclear trafficking. Herein, we have used a combination of immunofluorescence and immunoelectron microscopy to demonstrate that Nup98 associates with both the nuclear and cytoplasmic faces of the nuclear pore complex. These distinct localizations result from interaction with two distinct binding partners, Nup96 on the nuclear side of the pore and Nup88 on the cytoplasmic side of the pore. Strikingly, the same site within the C terminus of Nup98 seems to mediate both interactions; binding to both Nup96 and Nup88 showed the same sensitivity to mutations that alter the C terminus of Nup98.
It is curious that Nup98 has previously been observed exclusively on the nuclear side of the pore complex, whereas we have repeatedly seen Nup98 on the cytoplasmic side of the pore in digitonin-permeabilized cells, and on both sides of the pore by electron microscopy (Radu et al., 1995; Frosst et al., 2002) . We obtained identical results in both human and Xenopus cells and with several different antibody preparations. The fact that we have not seen staining in digitoninpermeabilized cells by using one antibody to Tpr, three antibodies that recognize Nup153, and two antibodies to lamins confirms that our experimental conditions do not permeabilize the nuclear envelope (Griffis and Powers, unpublished data) . We are uncertain why other groups have not detected Nup98 on the cytoplasmic face of the pore as well. Possibly the difference lies in epitope accessibility or epitope preferences of antibodies used by different investigators. Previous studies reported that the C-terminal domain of Nup116 directs that protein to the yeast nuclear pore complex (Bailer et al., 2000; Ho et al., 2000) and indicated that the C terminus of Nup98 could function in yeast. However, it was also noted that nuclear pore targetting by the C-terminal domain of Nup116 was very inefficient compared with the full-length protein (Bailer et al., 2000) . We similarly found that the C terminus of Nup98 contains the minimal pore-targeting sequence. We have further shown that the GLFG domain acts synergistically with the C-terminal domain to promote a strong nuclear pore complex interaction. The mechanism by which this synergism occurs is currently unclear. It is possible that the contribution of the GLFG domain results from interactions with nuclear transport factors and export substrates. If one role of a dynamic nucleoporin might be to aid in directing export complexes to the pore, then a mechanism that promotes the pore targeting of Nup98 when it is bound to receptor/cargo complexes would be beneficial. Alternatively, the synergy of these two domains in pore targeting could result from an interaction of the hydrophobic GLFG repeat domain with the proposed central hydrophobic phase of the nuclear pore (Ribbeck and Gorlich, 2002) . In support of this, the GLFG domain alone has a very weak, but reproducible, interaction with the pore, which could only be detected by high-resolution confocal microscopy (Griffis and Powers, unpublished data) . However, this minimal interaction would not seem to be sufficient to account for the very considerable difference in affinity of the C-terminal domain with or without the GLFG domain. Further experiments to address the potential role of receptors and cargo in the interaction between Nup98 and the nuclear pore will be essential.
Our results indicate that the same site within the C-terminal domain of Nup98 binds to both Nup96 and Nup88. We previously characterized the uncleavable S864A mutant by crystallography and showed that it does not differ in structure from the wild-type C-terminal domain; except for the severed peptide bond, when the tail peptide remains, it is associated in the same conformation observed in the uncleavable mutant. Therefore, the inhibitory effect of the truncated uncleavable mutants on nuclear pore binding is unlikely to occur through alteration of the overall structure. In vivo, however, the tail peptide seems to dissociate from the body of Nup98 (Hodel et al., 2002) . It is most probable that in the uncleavable mutant, the nonremovable tail peptide acts as a competitive inhibitor of both Nup96 and Nup88 binding. Because the contacts between the tail peptide and Nup98 involve only a limited number of amino acids, these same residues most likely represent the binding site for both Nup96 and Nup88. Utilization of the same site for binding would seem to rule out the possibility that 98 forms a bridge or link between the two complexes. This conclusion fits with our model that 98 is a dynamic, rather than a key structural, element of the pore.
There is some conservation between the tail peptide binding site of Nup98 and the equivalent site in the three yeast homologues Nup145, Nup116, and Nup100, although only Nup145 carries out autoproteolysis to produce Nup145N and Nup145C (Hodel et al., 2002) . Despite this conservation, the yeast family members show strong preferences in their binding partners. In yeast, Nup116 has been shown to bind to Nup82, the homolog of vertebrate Nup88, and consequently to localize primarily, but not exclusively, to the cytoplasmic face of the pore (Bailer et al., 2000; Ho et al., 2000) . Nup100 is also found primarily on the cytoplasmic face of the pore and binds to Nup82 in a two-hybrid assay. In contrast, Nup145N did not bind to Nup82, but instead binds to Nup145C, the orthologue of vertebrate Nup96 (Ho et al., 2000) . Although Nup145C is symmetrically distributed across the pore, Nup145N seems to preferentially bind at the nucleoplasmic face (Rout et al., 2000) . It is possible that the conserved tail-binding site within Nups116 and 100 allows for some recognition of Nup145C, but the higher affinity of these proteins for Nup82 results in their bias toward the cytoplasmic face of the pore. It is interesting to note that again, as for binding to Rae1/Gle2 and autoproteolytic cleavage, Nup98 represents an amalgam of the properties of the yeast GLFG family.
It is somewhat challenging to reconcile the structural asymmetry of the nuclear and cytoplasmic faces of the NPC with the mostly symmetrical distribution of Nups in yeast and what may be the increasing symmetry of Nups in vertebrates. A few proteins are restricted to a single side of the pore and these alone may be responsible for much of the asymmetry of the structure. For example, recent depletion experiments suggest that Nup358 may be the single essential component of the cytoplasmic fibers (Walther et al., 2002) . Additionally, symmetrically distributed Nups can be found in different subcomplexes at different positions in the pore. For example, Nup62 is found in a complex with Nup214 and Nup88 on the cytoplasmic face, with Nups 58, 54, and 45 in the central region of the pore, and with Nup93, Nup205, and Nup188 on the nuclear face (Hu et al., 1996a; Fornerod et al., 1997; Miller et al., 2000) . Similarly, we have shown that Nup98 can interact with distinct complexes at different positions within the pore. On the nuclear face of the pore, Nup98 interacts with the Nup133 complex; all evidence suggests that Nup88 is not present on the nuclear face of the pore. On the cytoplasmic face, Nup98 can bind to the Nup214 complex via Nup88. Our current data cannot rule out that Nup98 also interacts with the Nup133 complex on the cytoplasmic side of the pore.
Like Nup98, Nup153 has been reported to be dynamically associated with the nuclear pore (Nakielny et al., 1999; Daigle et al., 2001 ). Nup153 has a well established localization on the nuclear face of the pore complex where it binds to the same Nup133 subcomplex as does Nup98, although the direct binding partner of Nup153 remains to be identified . It is not clear whether Nup153 is ever released into the cytoplasm or if it moves off the pore only into the nucleus. In contrast to Nup98, Nup153 is not accessible to antibodies after fixation and digitonin permeabilization of cells (Bastos et al., 1996; Nakielny et al., 1999) . Thus, it seems that the dynamic roles played by Nup98 and Nup153 are distinct. Nup98 transits the pore, with sites of association on both faces and can exit the pore into either the nuclear or cytoplasmic compartments. In contrast, Nup153 may not associate with the cytoplasmic face of the pore or may have only a very transient exposure to the cytoplasm.
Interestingly, Nup153 seems to significantly contribute to the structural organization of the nuclear basket, a role that is somewhat difficult to reconcile with its dynamic association with the pore. When Nup153 was depleted from Xenopus extracts, the reconstituted nuclei were lacking several other nucleoporins, including Nup98, Nup93, and Tpr, and the structure of the nuclear face of the pore was substantially altered although cytoplasmically oriented nucleoporins were unaffected (Walther et al., 2001) . One report has suggested an essential structural role in the pore for Nup98 as well. Disruption of the Nup98 gene in the mouse resulted in early embryonic lethality. However, on examination of cultured embryonic cells from this knockout, Wu et al. (2001) found that the absence of Nup98 led to loss of multiple proteins from the pore, primarily those with cytoplasmic orientation (Nup358, Nup214, Nup88, Nup62). This was unexpected as no previous evidence had connected Nup98 with the cytoplasmic face of the pore. Our results demonstrate that there is indeed a specific interaction between Nup98 and one or, possibly two, complexes on the cytoplasmic side of the pore. However, this does not yet provide a fully satisfying explanation for the phenotype observed in the cells from the Nup98 knockout mouse, and it is again puzzling to reconcile both a structural and a dynamic role. Possibly Nup98 plays a role in regulating dynamic organization of the cytoplasmic structures of the pore, as has been proposed for Nup153 on the nuclear side.
Intriguingly, the result observed in the Nup98 knockout cells might be related to a phenotype previously characterized for aberrant expression of Nup116 in yeast (Ho et al., 2000) . Overexpression of the C-terminal domain of Nup116 in a wild-type background had no phenotype. In contrast, overexpression of this domain in a Nup116 null cell was lethal and led rapidly to displacement of Nup82 from the nuclear pore. In the Nup98 knockout mouse, the absence of Nup98 was demonstrated by immunoblot by using an antibody to the Rae1/Gle2 binding site near the N terminus. However, Nup96, the downstream half of the Nup98/ Nup96 polyprotein was expressed in these cells and processed to the correct molecular weight (Wu et al., 2001) . The autocatalytic cleavage that produces Nup96 requires Ͼ200 amino acids at the C-terminal domain of Nup98 to fold into the active autocatalytic domain (Rosenblum and Blobel, 1999; Hodel et al., 2002) . Therefore, the presence of Nup96 suggests the, as yet untested, possibility that a portion of the C-terminal domain of Nup98 is expressed in the knockout mouse. Indeed, multiple alternatively spliced versions of Nup98/Nup96 have been reported, lending some support to this possibility (Fontoura et al., 1999; Enninga et al., 2002) .
In summary, we have demonstrated that Nup98, which transits the nuclear pore complex, has sites of association on both the nuclear and cytoplasmic faces of the pore. Nup98 has two different binding partners, Nup96 on the nuclear side and Nup88 on the cytoplasmic side. Because the same site is used for both of these interactions, it is unlikely that Nup98 acts to form a bridge between the separate subcomplexes containing the two partner proteins. Our results provide further insight into the workings of a dynamic nucleoporin, but clearly there is much yet to be understood about the role of Nup98 in the organization and function of the nuclear pore.
